Transcription of genes coding for formate dehydrogenases (fdh genes) and hydrogenases (hyd genes) in Syntrophobacter fumaroxidans and Methanospirillum hungatei was studied following growth under different conditions. Under all conditions tested, all fdh and hyd genes were transcribed. However, transcription levels of the individual genes varied depending on the substrate and growth conditions. Our results strongly suggest that in syntrophically grown S. fumaroxidans cells, the [FeFe]-hydrogenase (encoded by Sfum_844-46), FDH1 (Sfum_2703-06) and Hox (Sfum_2713-16) may confurcate electrons from NADH and ferredoxin to protons and carbon dioxide to produce hydrogen and formate, respectively. Based on bioinformatic analysis, a membrane-integrated energy-converting ,-methylene-H 4 MPT reduction are the cytoplasmic [NiFe]-hydrogenase and FDH1. 16S rRNA ratios indicate that in one of the triplicate co-cultures of S. fumaroxidans and M. hungatei, less energy was available for S. fumaroxidans. This led to enhanced transcription of genes coding for the Rnf-complex (Sfum_2694-99) and of several fdh and hyd genes. The Rnf-complex probably reoxidized NADH with ferredoxin reduction, followed by ferredoxin oxidation by the induced formate dehydrogenases and hydrogenases.
INTRODUCTION
In anaerobic environments, degradation of complex organic matter to carbon dioxide and methane is performed by a consortium of micro-organisms that each have a specific metabolic function (McInerney et al., 2008; Schink & Stams, 2006) . Important metabolic intermediates are organic acids such as propionate and butyrate. Their degradation depends on syntrophy between bacteria and methanogenic archaea. Even under optimal growth conditions, available free energy is low and has to be shared by all partners in the consortia (Schink & Stams, 2006) .
Syntrophobacter fumaroxidans is a deltaproteobacterium that degrades propionate in syntrophic association with the hydrogen-and formate-using Methanospirillum hungatei or Methanobacterium formicicum (Harmsen et al., 1998) . Cultivation and biochemical experiments indicate that both hydrogen and formate transfer are important interspecies electron transfer mechanisms (de Bok et al., 2002a, b; Dong & Stams, 1995) . Propionate degradation in the absence of an external electron acceptor requires low hydrogen and formate concentrations (1 Pa and 10 mM) to gain energy for growth (Schink & Stams, 2006) . M. hungatei and M. formicicum are able to maintain such low concentrations. Although syntrophic partners regulate their metabolism to grow together, there are conflicting needs.
S. fumaroxidans metabolizes propionate via the methylmalonyl-CoA pathway . Electrons are generated in three steps: (i) succinate to fumarate, (ii) malate to oxaloacetate, and (iii) pyruvate to acetyl-CoA plus CO 2 . These electrons convert together with protons or protons plus CO 2 to H 2 and formate, respectively. Subsequently hydrogen and formate are transferred to and further metabolized by the methanogenic partner. In pure culture, the bacterium is able to use fumarate and sulfate as electron acceptors (Harmsen et al., 1998) . S. fumaroxidans can also grow with hydrogen and fumarate, formate and fumarate, and even by fumarate fermentation (Harmsen et al., 1998) . The exact mechanism of NADH oxidation and terminal reduction of protons and/or CO 2 in S. fumaroxidans remains unclear. Recent analysis of the genome of S. fumaroxidans suggests that novel energy-transforming reactions are involved in syntrophic propionate degradation (Müller et al., 2010) (Table 1) . To drive the endergonic oxidation of succinate, involvement of a periplasmic formate dehydrogenase (FDH2) and hydrogenase (Hyn), cytochrome b : quinone oxidoreductases and a menaquinone loop was proposed. Furthermore, Schut & Adams (2009) proposed that a bifurcating [FeFe]-hydrogenase (FeHyd) in S. fumaroxidans might simultaneously use electrons from NADH and reduced ferredoxin in a 1 : 2 ratio to produce hydrogen analogously to Thermotoga maritima. A similar function was proposed for formate dehydrogenase-1 (FDH1) and a [NiFe]-hydrogenase (Hox) (Müller et al., 2010) . It was also hypothesized that an Rnf-complex is used to reoxidize NADH by ferredoxin reduction with the use of a proton motive force (Müller et al., 2010) . In addition, the genome of S. fumaroxidans contains genes that could code for a cytoplasmic [NiFe]-hydrogenase (Frh), two cytoplasmic [NiFeSe]-hydrogenases (Hdr and Fnr), a [NiFe]-hydrogenase maturation protein (NiFeHydMat), and two cytoplasmic formate dehydrogenases (FDH3 and -4). Furthermore, a gene cluster with similarity to those coding for cytoplasmicoriented membrane proteins to interconvert hydrogen plus CO 2 and formate, referred to as a formate hydrogen lyase complex, is present. These genes show similarity with those coding for a formate dehydrogenase (FHL-F), a hydrogenase (FHL-H) and several iron-sulfur cluster binding proteins (Müller et al., 2010) . Unlike the FHL of Escherichia coli (Bagramyan & Trchounian, 2003) , genes coding for membrane-integrated subunits were lacking in the FHL coding gene cluster of S. fumaroxidans.
M. hungatei uses the hydrogen and formate generated by S. fumaroxidans to form methane, and electrons are required in four reduction steps: the conversion of carbon dioxide to formylmethanofuran, N Thauer, 1991) . In M. hungatei, hydrogenases and formate dehydrogenases oxidize hydrogen and formate to supply electrons for the reduction reactions. Although the genome sequence of M. hungatei is available, the gene analysis of its formate dehydrogenase and hydrogenase coding genes (fdh and hyd genes, respectively) has not been described. The genome of M. formicicum has not been sequenced yet.
Here, we studied the novel energy-transforming reactions involved in syntrophic propionate degradation that were recently hypothesized (Müller et al., 2010; Sieber et al., 2010) . To survey the molecular basis of syntrophic interactions, transcription of the genes involved was studied in detail (fdh and hyd genes, NiFeHydMat, rnfC, fhl-F and fhl-H) in S. fumaroxidans grown with different substrates, in both pure cultures and co-cultures with M. hungatei or M. formicicum. To further study the regulation of the syntrophic interaction between S. fumaroxidans and M. hungatei, fdh and hyd genes of M. hungatei were analysed by using bioinformatics and the transcription of these genes in cells grown in pure and co-culture was analysed.
METHODS
Micro-organisms and growth conditions. S. fumaroxidans MPOB (DSM 10017), the methanogenic archaea M. hungatei JF-1 (DSM 864) and M. formicicum JF-1 (DSM 1535) were used in this study. S. fumaroxidans was grown in either pure culture or co-culture with one of the methanogenic archaea (CoMh, with M. hungatei JF-1; CoMf, with M. formicicum JF-1). All cultures were grown at 37 uC in anaerobic liquid medium as described previously . Micro-organisms were cultured in 120 ml or 1 l flasks with 50 or 500 ml medium, respectively, and a headspace of 1.7 atm N 2 /CO 2 or H 2 /CO 2 (80 : 20, v/v). S. fumaroxidans and M. hungatei cells were grown under different conditions in triplicate (Table 2). Growth was followed by measuring OD 660 and/or methane formation. Cells were harvested in the exponential phase.
RNA extraction and reverse transcription. fdh and hyd genes in the genome of M. hungatei were analysed by using the same bioinformatic tools as described previously for S. fumaroxidans (Müller et al., 2010) . Twin-arginine translocation (Tat) motifs in the N-termini were identified by using PRED-SIGNAL (Bagos et al., 2009 ) to predict the cell localization of proteins in M. hungatei cells. Cultures were harvested by centrifugation at 3800 g at 4 uC for 20 min. Cell pellets were resuspended in RNA stabilization solution RNAlater (Ambion), incubated at 4 uC overnight and stored at -20 uC. Stored cells were centrifuged at 3800 g at 4 uC for 10 min and the resulting cell pellet was resuspended in 125 ml RNase-free water and 375 ml TRIzol Reagent (Invitrogen), transferred to a tube containing 0.1 mm silica beads and homogenized at 4.5 m s 21 for 30 s in a FastPrep-24 (MP Biomedicals). Tubes were incubated at 20 uC for 5 min and 0.1 ml chloroform was added followed by 15 s manual shaking. After incubation at 20 uC for 5 min, the suspension was centrifuged at 9500 g at 4 uC for 15 min. The aqueous phase with an equal amount of 70 % ethanol was transferred to an RNeasy mini spin column (Qiagen) and on-column DNase digestion with RNase-free DNase I (Qiagen) was performed according to the manufacturer's instructions. RNA was ultimately eluted in 60 ml RNase-free water and RNA integrity was confirmed by an Experion RNA StdSens Chip (Bio-Rad) using the Bio-Rad Experion system. Copy DNA was synthesized by SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions with random decamers (Ambion). To distinguish genomic DNA from cDNA in qPCR, RT-minus controls were prepared in a similar reaction mixture in which SuperScript III was replaced with water.
Primer design and qPCR. Primers were designed with Primer Premier 5 software and synthesized by BioLegio or Eurogentec (Table  1 ). The optimal melting temperature (58 uC) of each primer set was experimentally verified with genomic DNA from S. fumaroxidans, M. hungatei or M. formicicum as template. Genomic DNA was isolated with the bead-beat and phenol/chloroform-based DNA extraction method (van Doesburg et al., 2005) . qPCR was performed with the MyiQ single colour real-time PCR detection system (Bio-Rad). Each 25 ml reaction mixture contained 5 ml 206 diluted cDNA, 12.5 ml 26 QuantiTect SYBR Green PCR mix (Qiagen) and 0.3 mM each primer. Thermocycling conditions were as follows: 95 uC for 10 min, 40 cycles of 95 uC for 15 s, 58 uC for 30 s and 72 uC for 30 s, with fluorescence detection at the end of each extension step. Amplification was immediately followed by a melting programme consisting of 95 uC for 1 min, 55 uC for 1 min and a step-wise temperature increase of 0.5 uC per 10 s with fluorescence detection at each temperature transition. Melting curve peaks for each primer pair indicated that Table 1 . RT qPCR primers designed to amplify cDNA of target gene transcripts in S. fumaroxidans and M. hungatei Specific genes are listed with the corresponding locus tag (http://img.jgi.doe.gov, version 2.9) and the predicted metal content and cell localization of the formate dehydrogenase and hydrogenases. Primers targeting cDNA of 16S rRNA from M. formicicum used for calculations of the ratio of 16S rRNA from M. formicicum and S. fumaroxidans are also included. -, Localization unknown or no metal content.
Gene
Locus single amplicon sizes were generated. The optimal baseline was calculated by using the Bio-Rad MyiQ system software version 1.0 and generated threshold cycle (C t ) values. A second arbitrary baseline was manually defined and the amplification efficiency for each individual reaction was calculated from the kinetic curve (Liu & Saint, 2002) . Gene transcription values were normalized to 16S rRNA levels of the corresponding organism. At least three technical replicates were performed for each biological replicate (with the exception of in M. hungatei cells grown on formate in which transcription levels of fdh-3 and ech were below the detection limit). Relative transcription levels were calculated from C t values that were above the detection limit of 35 cycles. Template-minus controls performed for each primer and RTminus controls performed for each sample were below this detection limit. Outliers in technical replicates were determined with a Grubbs' test (Burns et al., 2005) . Q-Q plots with log 10 of relative transcription levels showed a normal distribution. The mean±SD of technical replicates of three biological replicates were calculated. Pair-wise t-tests were performed to find the least significant difference between any of the means at P,0.05 or P,0.01. To examine the influence of the growth phase on the gene transcription profiles, S. fumaroxidans was grown on fumarate plus formate and on fumarate plus hydrogen, and harvested in the lag, exponential and stationary phases of growth. To compare gene transcription profiles between growth phases, the levels for exponential and stationary phase were normalized by multiplying by a factor that was calculated by taking the difference in the mean of all genes in that condition. Differences in 16S rRNA levels in the exponential and stationary phase were on average 285-and 303-fold lower than in the lag phase in the case of cells grown on hydrogen and fumarate, and 55-and 50-fold lower in the case of cells grown on formate and fumarate. Pairwise t-tests revealed that no significant differences (P,0.01) in transcription profiles between cells grown in the lag, exponential and stationary phase were found ( Supplementary Fig. S1 , available with the online version of this paper). Therefore, all other measurements were done with cells in the exponential growth phase.
RESULTS
Growth of S. fumaroxidans and M. hungatei on different substrates
All S. fumaroxidans cultures grew well and yielded sufficient RNA (0.18-18 mg) to determine transcription levels of genes of interest, as did M. hungatei grown on H 2 / CO 2 . M. hungatei grown on formate yielded enough RNA (2-4 mg) to determine most of the gene transcription levels (Fig. 1) . The ratio of M. hungatei 16S rRNA : S. fumaroxidans 16S rRNA in CoMh1 was 10 times higher than in CoMh2 and -3, whereas the generation times of the three co-cultures were comparable ( Table 2) .
Transcription of fdh and hyd genes in S. fumaroxidans
Under all conditions tested, all fdh and hyd genes were transcribed in S. fumaroxidans. However, transcription levels of the individual fdh and hyd genes varied depending on the substrate and growth conditions. Transcription levels of fdh-1 and -2 (encoding FDH1 and -2, respectively) were 3.0-1700 times higher (P,0.01) in all conditions ( Fig. 2b-d ) than fdh-3 and -4 (encoding FDH3 and -4, respectively) with the exception of cells grown in co-culture with M. hungatei. Transcription levels of fdh-1 were 11-39 times (P,0.01) higher in cells grown in co-culture with M. formicicum and 2.3-8.3 times (P,0.05) higher in co-culture with M. hungatei than in cells grown in pure culture (Fig. 2a) . fdh-2 (encoding FDH2) was transcribed at 2.7-21 times (P,0.01) higher levels in S. fumaroxidans cells grown with fumarate fermentation, on propionate plus sulfate or on propionate in co-cultures with M. hungatei or M. formicicum than in cells grown with fumarate as electron acceptor and hydrogen, formate or propionate as electron donor (Fig. 2b) . fehyd (encoding FeHyd) was transcribed at 2.0-28 times (P,0.01) higher levels in cells grown with propionate as the substrate in pure cultures with fumarate or sulfate as electron donor or in co-cultures with a methanogenic partner than in cells grown with fumarate fermentation, hydrogen plus fumarate or formate plus fumarate (Fig. 2h) . Transcription levels of fhl-f (encoding FHL-F) were 4.1-44 times (P,0.01) higher in cells grown in co-culture with a methanogen than in cells grown in pure culture (Fig. 2f) . fhl-h (encoding FHL-H) transcription levels were also higher in co-cultures than in cells grown in pure culture (3.2-12 times, P,0.01) with the exception of those grown on propionate plus sulfate (Fig. 2g) . The transcription level of the gene coding for Hyn was 3.2-9.7 times (P,0.01) lower in co-cultures with M. formicicum than in pure cultures (Fig. 2i) . Transcription of hox (encoding Hox) was 3.3-9.1 times (P,0.01) higher in cells grown on propionate in pure culture with sulfate reduction or in co-culture with methanogens than in cultures grown with fumarate as an electron acceptor (Fig. 2k) . Transcription of the gene coding for the [NiFe]-hydrogenase maturation protein (NiFeHydMat) was not significantly different (P¢0.01) between all growth conditions tested (Fig. 2n) . Genes coding for the Rnf-complex, the periplasmic Hyn, the cytoplasmic Hox, FDH3 and FDH4 were transcribed at levels that were 13-1700 times (P,0.01) higher in CoMh1 than in CoMh2 and -3, with the exception that the fdh-4 transcription level was also high in CoMh2 (Fig. 3) . (Hendrickson & Leigh, 2008; Thauer et al., 2008) .
Transcription of fdh and hyd genes in M. hungatei
Under all conditions tested, all fdh and hyd genes were transcribed in M. hungatei and no differences (P,0.01) in transcription levels were observed between M. hungatei cells grown with hydrogen and cells grown with formate ( Fig. 1) . In all conditions, frc (encoding Frc) transcription levels were 3.0-430 times (P,0.05) higher than other fdh and hyd genes (Fig. 1g) . In all tested conditions, transcription levels of mbh (encoding Mbh) were 4.2-29 times (P,0.01) higher than transcription levels of the gene coding for the other putative ion-translocating hydrogenase Ech (Fig. 1f, h ). Transcription levels of all M. hungatei genes in CoMh1 were 5.0-130 times (P,0.05) higher than of those in CoMh2 and -3, with the exception of ech and mbh.
DISCUSSION
Transcription of genes involved in electrongenerating steps of the methyl-malonyl-CoA pathway
The energetically most difficult step in the methyl-malonylCoA pathway is the oxidation of succinate to fumarate (Stams & Plugge, 2009 ). Recently, Müller et al. (2010 proposed that a periplasmic formate dehydrogenase (FDH2), a hydrogenase (Hyn), cytochrome b : quinone oxidoreductases and a menaquinone loop drive the endergonic oxidation of succinate. During propionate degradation in co-culture with methanogens or in pure culture with sulfate as the electron acceptor, the endergonic succinate oxidation step is performed. With fumarate as an electron acceptor (hydrogen plus fumarate, formate plus fumarate, propionate plus fumarate and fumarate only), a reversed mechanism is needed. Our results indicate that both Hyn and FDH2 play a role in fumarate reduction and in succinate oxidation and that FDH2 might play a more important role during endergonic succinate oxidation. This would mean that in co-cultures, both formate and hydrogen are used for interspecies electron transfer, but that from the succinate oxidation step, more formate is generated than hydrogen.
When S. fumaroxidans degrades propionate, NADH and reduced ferredoxin are generated during malate and pyruvate oxidation, respectively (Chabrière et al., 1999; van Kuijk & Stams, 1996) (Fig. 3) . It was proposed that the cytoplasmic FeHyd, FDH1 and Hox confurcate electrons from NADH and reduced ferredoxin to carbon dioxide or protons and generate formate or hydrogen, respectively (Müller et al., 2010; Sieber et al., 2010) . Such confurcating enzymes are thus only required when propionate is degraded in pure culture with fumarate or sulfate as electron acceptor and in co-cultures with methanogens. Our results showed increased fehyd and hox transcription in propionate-degrading cultures, which is in support of a confurcating function for FeHyd and Hox. Our results suggest that the cytoplasmic formate-producing FDH1 is one of the most important formate dehydrogenases under all conditions and that it is especially induced during syntrophic growth. We hypothesize that FDH1 confurcates electrons from NADH and reduced ferredoxin to produce formate cytoplasmically. The formate could be transported to the methanogen via a formate transporter that is encoded by Sfum_2707 and is located in the operon coding for FDH1 (Müller et al. 2010) ( Supplementary Fig. S2 , available with the online version of this paper). This would mean that in co-cultures, both hydrogen and formate are transferred, that is generated, in confurcating reactions catalysed by FeHyd, Hox and FDH1 (Fig. 3) . Since transcription of fhl-f and fhl-h is most pronounced during syntrophic growth, hydrogen and formate produced in the cytoplasm will be inter-converted by the formate-hydrogen lyase according to the requirements of the methanogen. Further, genes coding for proteins involved in posttranscriptional maturation of [NiFe]-hydrogenases (such as Hyn and Hox) were found to be important in all growth conditions tested, which corresponds with the observation that genes coding for [NiFe]-hydrogenases were constitutively transcribed.
Transcription of genes involved in electron supply for methanogenesis in M. hungatei
At low hydrogen concentration, the first step of the methanogenic pathway is energy dependent and a membrane potential is used to provide enough reduced ferredoxin to allow reduction of carbon dioxide to formylmethanofuran (Thauer et al., 2008) . Membraneintegrated energy-converting hydrogenases (Echs) import protons, cytoplasmically oxidize hydrogen and reduce ferredoxin (Thauer et al., 2008) . Thauer et al. propose that Echs of methanogens without cytochromes contain at least 16 subunits, whereas the Ech of Methanosarcina barkeri -from the order Methanosarcinales and with cytochromes -contains only six subunits. In contrast, our analysis of the genome of M. hungatei, which belongs to the Methanomicrobiales, without cytochromes, indicates the presence of a membrane-bound six-subunit Ech (Mhun_1741-46) (Fig. 3, Supplementary Fig. S3 ). ech was transcribed at low levels, possibly to keep interspecies hydrogen concentrations as high as possible.
If formate was the sole electron donor, no hydrogen would be available to oxidize ferredoxin by Ech, and the first step in the methanogenesis would require other enzymes. In M. hungatei, this CO 2 reduction is coupled to ferredoxin oxidation (Schwörer & Thauer, 1991) . However, its genome indicates the presence of formate dehydrogenases that reduce cofactor F 420 only. When formate is the electron donor, the first step of methanogenesis might thus be coupled to cofactor F 420 oxidation as was reported for Methanococcus maripaludis (Hendrickson & Leigh, 2008) (Fig. 3) . Electrons from formate possibly flow via a complex that contains FDH, heterodisulfide reductase and MFR-dehydrogenase as was reported for M. maripaludis (Costa et al., 2010) . Candidates for the oxidation of cofactor F 420 during MFR reduction, N 5 ,N 10 -methyl-H 4 MPT reduction and N
5
,N 10 -methylene-H 4 MPT reduction are the cytoplasmic FDH1, -3, -4 and -5 and Frc. frc was transcribed in higher levels than fdh-1, -3, -4 and -5, which indicates that Frc has the largest contribution. Frc is partly membrane bound (Choquet & Sprott, 1991) , which would allow rapid hydrogen consumption. FDH1 might also have a large contribution because it is cotranscribed with a gene coding for a formate transporter (Mhun_1811) that is located in the FDH1 operon ( Supplementary Fig. S3 and data not shown). The formate transporter would allow fast import of formate and thus more effective formate oxidation and cofactor F 420 reduction.
In most Methanomicrobiales, a methylviologen-reducing hydrogenase ADG-HdrABC is involved in hydrogen Fig. 3 . Formate dehydrogenases and hydrogenases in S. fumaroxidans (left) and M. hungatei (right) are divided into functional groups. Transcription levels of genes coding for each target enzyme in the three co-cultures of S. fumaroxidans and M. hungatei (from left to right: CoMh1, CoMh2 and CoMh3, respectively) are shown in the inset graphs, with the log 10 relative transcription levels on the y-axis (values are mean±SD). In CoMh1, in which S. fumaroxidans retrieves less energy compared with CoMh2 and -3, the rnf-cluster and several ferredoxin-reducing formate dehydrogenases and hydrogenases are induced as a back-up mechanism to reoxidize NADH and ferredoxin efficiently. oxidation coupled to heterodisulfide reduction, the last step of methanogenesis (Schwörer & Thauer, 1991) . However, the genome of M. hungatei does not indicate the presence of such an enzyme complex. It also does not contain genes with similarity to a membrane-bound methanophenazine-reducing [NiFe]-hydrogenase, which is involved in the build-up of a membrane potential via hydrogen oxidation in M. barkeri (Thauer et al., 2008) . Instead, M. hungatei contains genes coding for a membrane-bound hydrogenase (Mbh) (Mhun_2579-92) that might be involved in the last step of the methanogenic pathway (Fig. 3) .
Interspecies electron transfer in co-cultures of S. fumaroxidans with M. hungatei or M. formicicum S. fumaroxidans grows in suspended co-cultures with M. hungatei, whereas it forms granules in syntrophic growth with M. formicicum. It was previously calculated that formate is the preferred interspecies electron carrier in suspended co-cultures and that hydrogen might be preferred when interspecies distances are smaller in granules (Stams & Plugge, 2009 ). However, no increased transcription of hyd genes was observed in S. fumaroxidans cells grown with M. formicicum. Increased transcription of fdh genes was not observed in S. fumaroxidans cells grown in syntrophic association with M. hungatei. In addition, transcription levels of hyd and fdh genes in M. hungatei were similar in cells grown on hydrogen to those grown on formate. Thus, it could very well be that the same FDHs and Hyds allow different electron fluxes and that the presence of certain types of these proteins only reflects the electron flow possibilities.
Hydrogen and formate cycle in pure cultures of S. fumaroxidans When S. fumaroxidans uses hydrogen or formate as an electron donor and fumarate as an electron acceptor, Hyn and FDH2 catalyse periplasmic hydrogen and formate oxidation, respectively ( Fig. 2b and i) . In addition, FHL cytoplasmically inter-converts formate and hydrogen, which are transported to the periplasm via the Foc (Suppmann & Sawers, 1994) and by diffusion, respectively. This explains why Hyn is required during growth on formate and FDH2 is required during growth on hydrogen ( Fig. 2b and i) . Furthermore, Hyn was downregulated during syntrophic growth and since it is the only periplasmic hydrogenase, it might be the periplasmic component involved in hydrogen cycling. During syntrophic growth, the periplasmically formed hydrogen would be transferred to the methanogen whereas during non-syntrophic growth, an energy conserving hydrogen cycle could exist, as was described for Desulfovibrio sp. (Heidelberg et al., 2004; Odom & Peck, 1981) .
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